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ABSTRACT  (ONGERUBRICEBRD) 

After  a  review  of  the  basic  properties  of  porous  silicon  we  desciib*  the  fabrication  method  we  employed  to 
produce  visible  light  emission  from  silicon.  The  photo-luminescence  spectra  were  recorded  using  a  room- 
temperature  spectrometer,  hiitial  attenq)ts  producing  electrically  stimulated  light  emission  are  described. 
Two  pressure  experiments  were  carried  out  to  unravel  the  origin  of  light  emission  in  porous  silicon. 
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SAMENVATTING  (ONGERUBRICEERD) 

Nadat  een  overzicht  is  gegeven  van  de  belangrijkste  eigenschappen  van  poreus  silicium  wordt  onze  fabricage 
van  licht  emitterend  silicium  beschreven.  De  fotoluminescentie  '  ^  x^tra  werden  opgenomen  met  een  op 
kamertemperatuur  weikende  spectrometer.  Eerste  pogingen  om  '  men  tot  elektrisch  gestimuleerde  licht 
emissie  worden  beschreven.  Twee  druk  experimenten  zijn  uitgevo^d  om  de  oorsprong  van  de  licht  onissie 
in  poreus  silicium  te  achterhalen. 
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1  INTRODUCTION 

Silicon  is  the  second  most  abundant  element  in  die  earth's  crust.  In  its  crystalline  form  it  is 
extremely  well  characterized  and  studied.  Big  monocrystalline  silicon  crystals  of  extreme  purity 
can  nowadays  be  produced  widiout  difficulty.  It  has  become  the  basic  building  block  of  die 
electrcnics  industry,  and  it  is  unlikely  to  be  replaced  for  a  long  time.  Despite  its  superiority  silicon 
is  not  exclusively  used  in  the  semiconductor  industry.  High  frequency  integrated  circuits  are  best 
made  in  gallium-arsenide  (GaAs)  a  III-V  semiconductor,  because  of  its  larger  electron  mobility. 
Another  severe  drawbadc  is  silicons  inability  to  efficiendy  generate  light.  TypicaUy  only  one 
j^oton  is  created  for  10*-10^  electrically  injected  carriers,  due  to  the  indirect  nature  of  die 
bandgrqi.  The  emission  wavelength  is  in  the  infiared  (1.09  eV).  Instead,  more  complex, 
conqiound  semiconductor  materials,  based  on  GaAs,  and  InP  are  used.  They  possess  direct 
bandgrqis,  and  consequendy  efficient  light  generation.  Ibe  development  of  a  silicon-based 
(^toelectronic  material  that  would  allow  optical  devices  such  as  lasers  and  light-emitting  diodes 
to  be  easily  integrated  with  electronic  corrqxinents  (OEICs)  has  been  a  long-standing  goal  of  the 
materiaLs  physics  community. 

One  way  to  raise  the  radiation  efficiency  of  silicon  is  to  introduce  inqiurity-activated  optical 
transitions.  For  radiative  recombinations  to  dominate  the  nonradiative  charmels,  the  optically 
active  inqiurity  must  be  present  at  relatively  high  concentrations.  Rare-earth  dopants  (Erbium, 
Ytterbium)  are  possible  candidates.  Erbium  has  internal  transitions  around  134  pm,  which  is 
favourable  for  low-loss  optical  fibre  communication,  and  is  successfiiUy  q^lied  in  fibre 
amplifiers  [1].  When  erbium  is  introduced  into  silicon  at  the  required  hi^  concmtration 
segregation  occurs  [2].  Another  atterxqit  makes  use  of  a  carbrm  related  defect  [3]. 
hi  1990  Canham  discovered  that  so-called  'porous  silicon'  emits  rather  intense  visible  light 
following  optical  excitation  [4].  Deperxling  on  tire  preparation  conditions  tire  emission 
wavelmgth  can  be  varied  from  IR  to  green  witii  external  quantum  efficiencies  of  a  few  percent 
Because  of  its  potential  triplications  die  discovery  by  Canham  initiated  a  world-wide  researdi 
effort  The  kiey  questions  to  be  answered:  Why  does  porous  silicon  efficiently  emit  visible  light? 
Can  it  be  used  in  practical  ^  ^  we  hope  to  shed  some  light  on  these 


matters. 
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2  PREPARATION 

Porous  silicon  layers  can  be  fonoed  ui  two  different  ways.  In  the  first  silicon  wafers  are  etched  in 
solutuHis  of  HF:HN03:H20  with  ratios  of  1:5:10  at  4:1:5  (by  volunie)  [5].  hi  the  second,  as 
originally  used  by  ranham,  a  silicon  san^le  is  anodically  etched  in  aqueous  hydrofluoric  acid. 
Figure  1  shows  die  typical  I-V  characteristics  for  n-  and  p-type  silicon. 


(b) 

Fig.l.  l^cal  current-voltage  reladonships  forn-  and  p-type  silicon.  Above  die  first  currait  peak 

eksctio-polishing  starts  [6]. 


Under  cathodic  polarizaticMis  for  bodi  n-  and  p-type  material  silicm  is  normally  stable.  Only 
under  anodic  polarizations  silicon  dissolution  occurs.  However  dqiending  upon  the  magnituite  of 
the  anodic  potential,  drasdcaUy  different  surface  morphologies  result  [7].  At  high  anodic 
overpotentials,  die  silicon  surface  electropolishes  and  the  surface  retains  a  relatively  smooth  and 
planar  iiK»{diology.  In  direct  contrast  at  low  anodic  overpotentials  the  surface  morphology  is 


dominated  by  a  vast  labyrinth  of  channels  that  can  penetrate  deep  into  the  bulk  of  the  silicon. 
Size,  shape,  thickness  and  density  depend  on  exact  anodisation  conditicMis  i.e.  HF  concentration, 
temperature,  silicon  dopant  and  concentration,  anodisadmi  time,  illumination  etc. 

The  exact  dissolution  chemistries  of  silicon  are  sdll  in  question,  although  it  is  generally  accepted 
that  holes  are  required  in  die  initial  oxidation  steps  for  both  electn^lishing  and  pore  formation. 
This  means  that  for  n-type  material  significant  dissolution  occurs  only  under  illumination,  high 
fields  or  other  hole  generation  mechanisms.  During  pore  formation  hydrogen  gas  evolves  which 
disiqipears  during  electropolishing.  The  dissolution  reaction  as  pressed  by  i  .f^hmann  and  Gosele 
[8]  is  shown  in  Fig.2 . 


Fig.2. 


Inner  surfaces  of  fieshly  prepared  porous  silicon  layers  (PSL)  were  found  to  be  covered  with 
hydrogen  [9].  A  silicon  surface  saturated  with  hydrogen  is  virtually  inert  against  further  attack  of 
fluoride  ions  in  an  hydrogen  fluoride  (HF)  solution.  Under  carrier  injection  however  Si-H  bonds 
can  be  replaced  by  Si-F  bonds  upon  arrival  of  a  hole  (h*^)  on  the  surface.  This  eventually  lead  to 
dissolution  of  the  silicon  atom. 

If  a  silicon  atom  is  removed  from  an  atomically  flat  surface  by  die  above  reaction  an  atomic  size 
dip  remains.  This  change  in  surface  geometry  will  change  the  dissolution  mechanism  in  such  a 
way  that  it  preferentially  occurs  at  the  atomic  dqi.  So  surface  inhomogmeities  are  anqilified.  The 
mechanism  behind  this  pore  formation  is  also  part  of  a  scientific  discussion.  Presently  there  are 
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three  separate  models  \idiich  account  for  pore  formation.  In  the  Beale  model  [10-12]  it  is 
suggested  that  die  interpote  regions  have  reduced  mobile  cmia  concentraticHi  due  to  overlapping 
depletirm  regions.  Current  is  tfaoi  selectively  directed  to  the  pore  tips  as  a  result  of  the  high- 
resistance  depleted  parous  structure.  In  another  model  Smith  and  co-workers  [6,13]  explain  pore 
formaticMi  resulting  ficm  a  stoichasdc  random  walk  of  carriers  to  the  silicon  surface.  The  nature  of 
the  random  walk  presents  the  pore  tqs  as  the  most  likely  ccmtact  site  for  a  particle  diffusing  from 
the  bulk  of  the  semiconductor.  In  the  diird  model  by  Lehmann  and  Gdsele  [8]  quantum 
confinement  in  the  interpote  regions  widms  die  bandgap  locally.  The  resulting  potential  step 
induces  a  depletion  region  inside  the  unattacked  surface  region  which  protect  it  from  further 
dissolution,  and  is  in  that  respect  similar  to  the  Beale  model. 

Porous  silicon  mor|diologies  are  usually  grouped  into  four  basis  groiqis  n,  p,  n^,  p*^.  For  p-type 
silicon  both  the  pore  diameters  and  interpore  spacing  are  extremely  small,  generally  between  1 
and  S  run  with  a  highly  intercormected  and  homogeneous  pore  network.  As  the  dopant 
concentration  increases,  die  pore  diameters  and  interpore  spacing  also  increase  slighdy.  For  n- 
type  the  pore  diameter  and  average  interpore  spacing  decrease  with  increasing  dopant 
concentration.  The  pore  diameters  in  n-type  silicon  are  considerably  larger  than  in  p-type  silicon 
and  show  a  strong  tendency  to  form  strai^t  channels  at  low  dopant  concentrations  rather  than  the 
randomly  directed  pore  network  of  p-type  silicon.  The  pore  morphologies  and  diameters  of  p'*'  and 
n*^  porous  silicon  are  conqnrable,  they  tend  to  form  small  S-10  run  charmels  with  numerous  side 
branches.  Fot  both  p-  and  n-type  pore  prcpagatitm  occurs  in  <100>  directions  [14,15].  Pore 
formation  can  be  eiqilained  by  the  models  mentioned  in  the  previous  paragraph.  E.g.  in  the 
diffusion  model  by  Smith  et  al.  [6,13]  the  diffusion  length  of  the  holes,  which  is  a  function  of  the 
dopant  concentration,  voltage,  etc.,  controls  the  different  pore  morphologies. 
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3  ORIGIN  OF  UGHT  EMISSION 

The  arigm  of  visible  hnninesceace  in  porous  silicon  (PS)  is  still  ctmtroversial.  A  vigtHxms  debate 
is  going  on.  PS  can  emit  light  with  peak  oiergies  in  die  tange  1.12  eV  (infra-red)  to  about  2.3  eV 
(green).  The  origin  of  light  emission  was  originaUy  explained  by  Canham  by  invoking  size 
depoident  quantum  confinement  effects  [4].  Other  possible  explanations  for  die  unusual 
propoties  of  luminescent  PS  have  in  the  mean  time  appeared.  These  goieraUy  rely  on  structural 
or  conqxisitional  changes  occurring  during  the  electrochnnical  etch  process. 

3.1  Quantum  confinement 

It  has  been  known  for  about  a  decade  thru  the  bandgtqi  of  isolated  semiconductor  crystallites,  of 
strongly  luminescent  materials  such  as  CdSe,  increases  in  energy  as  diameter  decreases  in  the  S 
nm  range.  This  occurs  because  the  electnm  and  hole  acquire  in  small  crystallites  a  significant 
quantum  energy  of  localisation  which  increases  die  recombination  energy.  Figure  3  shows  the 
photo-himinescence  (PL)  as  function  of  crystallite  size. 


Fig.3.  Calculated  dependence  at  crystallite  band  giq>  (left)  on  diameter  and  the  bulk  gap  (right)  for 

several  semkonductors  after  L  Bros  [16]. 
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Silicon  is  different  in  that  bulk  hnninescence  is  forbidden  by  selection  rules  due  to  its  indirect 
bandgap.  A  breakdown  of  these  rules  has  beat  confirmed  by  a  group  at  Canon  Research  Centre 
who  discovered  diat  isolated  3-S  nm  Si  crystallites  in  glass  emit  visible  light  similar  to  that  of  PS 
[17].  They  attributed  dieir  observaticxis  to  quantum  confinement  Deaeasing  die  size  of  a  crystal 
in  all  directions  will  confine  the  ekctrons  Kid  holes  in  real  space  widi  correqionding  spread  of  the 
wavefuncdon  in  momentum  space.  Eventually  if  the  size  is  sufficiently  decreased  the  term 
indirect  semiconductor  is  a  misnomer. 

Canham  originally  proposed  that  the  quantum  size  effect  in  PS  is  related  to  the  diameter  of  the 
silicon  wire-like  structures  [4].  Electron  microscopy  suggest  that  PS  of  low  porosity  can  be 
adequately  apiuoximated  by  bulk  matoial  containing  an  array  of  non  interacting  cylindrical  pores 
of  fixed  radius  that  nm  perpendicular  to  the  surface  [10].  An  anodized  (100)  face  of  a  layer  of 
relatively  low  porosity  (25%)  is  shown  in  Pig.4a.  In  reality,  of  course,  there  is  pore  branching  and 
variations  in  pore  size  separation,  and  perhaps  even  pore  sluqie.  Figures  4b,  and  4c  show  the 
effect  of  subsequently  increasing  the  pcuosity  of  the  layer  with  an  etchant  that  enlarges  each  pore 
by  chonical  dissolution.  For  cylindrical  pores,  porosities  greater  than  78.5%  promote  substantial 
merging  of  nearest-neighbour  pores  and  consequently  die  physical  isolation  of  a  significant 
density  of  silicon  columns. 


Hg.4.  Idealized  plan  view  of  an  aiodized  (100)  silicon  wafer  containing  cylindrical  holes.  The 

indicated  changes  in  porosity  are  adiieved  by  pore  enlargement  uirwgh  chemical 
dissolution,  ma  Canham  [4]. 

A  rough  estimate  of  the  amfinement  energies  in  porous  crystalline  silicon  needles  can  be 
obtained  as  follows.  Let  z  be  die  <001>  directirm,  L  the  transverse  dimensions  of  the  needles  in 
the  X  and  y  directions,  and  assume  that  the  carriers  are  confined  in  infinitely  deep  potentials.  With 
needles  pointing  along  the  <001>  direction,  diere  exist  two  lands  of  ccmfinemoit  for  electrons. 
They  reflectively  arise  from  (1)  die  two  ctmduction  ellqisoids  with  their  axis  of  revolutirm  lined 


up  with  the  needle  and  (2)  the  four  otho-  conduction  ellipsoids  which  point  along  die  <100>  and 
<010>  directions.  Note  that  these  four  ellqisoids  give  rise  to  degenerate  confinement  energies 
because  of  the  assunqidon  of  equal  wire  thickness  along  the  x  and  y  directions.  If  and  m|  are 
the  transverse  and  longitudinal  effective  masses  in  silicon  near  the  A  point  (0.2  m,,  and  iDo 
respectively)  we  obtain  the  conduction  band  edge  energies  due  to  confinement  equal  to: 


= 


m,L^ 


(1) 


= 


(2) 


This  is  to  be  compared  with  a  l-dimensional  particle  in  a  box  problem  which  has  solutions  of: 


Ea 


n  =  1,2,3... 


(3) 


In  addition  the  hole  confinement  energy  has  to  be  taken  into  account.  No  analytic  expression  is 
available.  For  a  wire  of  3  x  3  nm  one  can  calculate  the  electron  confinement  to  be  252  racV  (Eq. 
2)  and  the  hole  confinement  371  meV  which  makes  620  meV  all  together  [18].  For  silicon  wires 
of  3  X  3  nm  the  model  predicts  luminescence  at  721  nm  wavelength  (1.1  +  0.62  =  1.72  eV,  red- 
orange). 


One  of  the  strongest  evidences  for  the  confinement  model  is  the  observation  that  increased 
etching  in  HF  solutions  (so  after  the  anodic  etching  step)  results  in  higher  energy  luminescence 
presumably  caused  by  a  reduction  in  feature  size  (see  Fig.S). 
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Room-temperature  i^otoluminescence  iiom  anodized  p-type  wafer  aha  immersion  in  40% 
aqueous  Hr  for  the  times  indicated  [4], 


3.2  Siloxene 

Another  proposed  e:q)lanation  for  PS  luminescence  proposes  that  the  electrochemical  etch 
generates  a  surface  or  bulk  chemical  species.  Siloxene,  a  chemical  which  contains  silicon  oxygen 
and  hydrogen  has  emissive  properties  that  are  very  similar  to  those  of  PS.  Stutzmann  et  al.  [19] 
demonstrated  similarities  in  the  chemical  luminescence,  photoluminescence,  infra-red,  Raman, 
and  excitation  spectra,  as  well  as  the  emission  lifetimes  and  chemical  fatigue  behaviour  for  the 
two  materials.  This  data  makes  a  strong  case  for  the  presence  of  a  siloxene  or  similar  species  in 
porous  silicon.  However,  one  difference  between  the  chemical  siloxene  and  luminescent  PS  is  that 
siloxene  contains  at  least  three  oxygen  atoms  for  every  six  silicon  atoms.  On  freshly  etched 
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luminescent  PS  ,  infra-red,  and  XPS  (X-ray  Photo-electron  Spectroscopy)  data  indicate  that  very 
little,  if  any,  oxygen  is  present  [20]. 


Fig.6.  Structural  models  for  siloxene  (a)  Monolayers  formed  by  hexagonal  silicon  rings 

intoconnected  by  oxygen  toittees.  The  fourth  bond  of  silicon  is  terminated  by  Hydrogen,  (b) 
Monolayers  fonned  by  linear  K  chains  interconnected  by  oxygen,  terminateo  by  twmogen. 
(c)  Silicon  monolayers  widi  alternating  OH  and  H  bond  terminators  after  Brandt  [2l]. 

Pure  siloxene  (Si(03H^  prepared  according  to  Kautsky  et  al.  [22]  is  a  greenish  white  powder 
with  a  weak  room  tenqrerature  fluorescence  in  the  green.  The  structure  of  this  material  consists  of 
layers  formed  by  hexagonal  silicon  rings  separated  from  each  other  by  oxygen  bridges.  The 
remaining  silicon  dangling  bonds  are  terminated  by  hydrogen  (Fig.6a).  Alternative  structures  are 
also  shown  in  Fig.6b,  6c.  The  structure  units  here  are  linear  silicon  chains  interconnected  by 
oxygen  or  pure  silicon  layers  with  altmnating  OH  and  H  bond  terminators.  The  second 
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prq>aratioii  method  which  has  been  originally  described  by  Wohler  [23]  leads  to  a  bright  yellow 
substance  with  a  strong  yellow  fluorescence.  The  substance  is  believed  to  be  a  mixture  of  the 
different  structural  features  in  figure  6.  Wdhlers  compound  is  denoted  by  The 

increase  of  the  oxygen  content  (n)  and  die  decrease  of  the  hydrogen  cemtent  (m)  correspond  to  an 
increasing  3-dimensional  cross  linking  of  die  layered  structures  by  oxygen  bridges.  The 
fluorescence  bands  emitted  by  siloxene  can  be  tuned  in  a  well  controlled  way  over  a  large  spectral 
range  via  chemical  substitution  of  hydrogm  by  other  monovalent  ligands  such  as  halogen's,  OH 
or  alcohol  groups.  Alternatively,  tuning  can  also  be  achieved  by  annealing  of  siloxene  in  air.  The 
particular  optical  properties  of  this  coir^und  are  due  to  linear  chains  and/or  sixfold  rings  of  Si 
atoms  isolated  from  each  other  by  ordered  insmion  of  oxygen  atoms  into  a  planar  array  of  silicon 
atoms.  While  the  electronic  states  in  the  assiuned  quantum  wires  of  PS  would  be  confined 
physically  due  to  the  geometrical  quantum  size  of  the  small  columnar  silicon  crystallites,  the 
confinement  in  siloxene  can  be  linked  with  the  chemical  composition. 

3.3  Alternative  models 

In  alternative  explanations  dramatic  luminescence  of  PS  results  firom  a  surface  or  bulk  phase  of 
amor^dious  silicon  (a-Si),  amorphous  hydrogenated  silicon  (a-Si:H),  or  amorphous  hydrogenated 
silicon  oxide  (a-SiOx:H)  produced  in  the  etching  process.  Just  as  gnq>hite  and  diamond  are 
polymorphs  of  carbon  with  profoundly  differrait  electronic  properties,  the  amorphous  phase  of 
silicon  has  quite  distinct  properties  with  respect  to  crystalline  silicon.  Amorphous  hydrogenated 
silicon  has  a  pseudo  direct  bandgiq)  which  varies  continuously  between  1.5  to  2.SS  eV  depending 
on  hydrogen  content  (which  is  considerably  larger  than  the  indirect  bandg^  of  crystalline  silicon 
of  1.12  eV)  [24].  The  bandgap  enlargement  is  caused  by  localisation  of  electron-hole  pairs  by 
disorder.  A  similar  increase  in  optical  bandgap  is  caused  by  alloying  in  a-SiOj^iH  [25]. 
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4  EXPERIMENTAL  STUDIES 

After  the  initial  discovery  by  C-anhafn  [4]  of  visible  li^t  emission  in  sUicrm  many  experiments 
were  started  by  the  scientific  community.  Most  of  d>em  try  to  unravel  die  origin  of  the  light 
emission  fiom  PS.  Photoluminescence  (I^)  qiectioscopy  is  the  most  firequendy  used  technique. 
Here  the  light  emission  fiom  a  material  unda  photonic  excitatirm  is  studied  spectroscopically. 
Other  powerful  techniques  applied  include  Raman  scattering,  infia-red  absorption  spectroscopy 
and  electronAunneling  microscopy. 

4.1  Photoluminescence 

Photoluminescence  spectroscopy  is  a  sioqile  method  to  investigate  PS  properties.  Room- 
temperature  PL  spectra  are  easily  obtained  by  excitation  by  He-Cd  (442.0  nm,  2.81  eV)  or  Ar^ 
(488.0  nm,  2.54  eV)  radiation.  Lifetime  studies  showed  PL  lifetimes  around  50  ps  at  300  K  to 
2.5  ms  at  4.2  K  [26,27].  Such  a  long  luminescence  lifetime  rules  out  laser  triplications  at  high 
switching  speeds. 

The  high  PL  efficiency  of  PS  in  comparison  to  bulk  silicon  (maximum  efficiencies  around  10% 
are  reported)  was  ascribed  to  die  low  surface  recombination  rate  owing  to  surface  passivation  of 
hydrogen  which  decreases  non-radiadve  recombination  drastically  [28]. 

Strong  siqiport  for  the  quantum  confinement  model  came  fiom  two  recendy  published 
experimrats.  In  the  first  a  fine  structure  was  reported  on  top  of  the  PL  spectrum  at  low 
temperatures  <77  K.  The  4.2  K  photoluminescoice  band  consists  of  a  set  of  lines  spaced  nearly 
evenly,  with  the  energy  interval  equal  to  about  50  meV  [29].  The  fine  structure  lines  appear  to  be 
on  identical  positions  for  different  samples  [30].  This  fine  structure  can  be  accounted  for  if  we 
assume  that  the  PL  originates  fiom  quantization  in  silicon  wires.  The  PL  qiectrum  is  detomined 
by  the  distribution  of  transverse  size  of  the  wires  (and/or  of  their  different  parts).  Such  a 
distribution  is  discrete  rather  than  continuous,  because  drere  is  a  minimum  value  of  the  size 
change  which  is  equal  to  an  interatomic  distance  in  die  crystal.  Theoretical  calculations  of  diis 
effect  using  Eq.  2  are  in  good  agreemoit  widi  expoiment 

In  the  second  eiqieriment  amorphous  silicon  (a-Si)  layers  were  grown  on  top  of  (100)  crystalline 
silicon  substrate's.  Some  of  the  a-Si  layers  received  an  additional  annealing  step  between  550- 
1150°C  before  being  etched  in  HF-HN03-ba8ed  solutions  (see  section  2).  While  no  visible  PL 
was  observed  fiom  unarmealed  and  etched  sanqiles,  visible  PL  was  detected  after  annealing  and 
etching  [31].  The  observation  of  visible  PL  after  etching  coincided  with  the  observatim  of  silicon 
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micio-ciystallites  ia  the  annealp/l  layer.  The  result  suggest  that  an  initial  crystalline  structure  is 
inqxntant  for  fabricating  luminescent  porous  silicon  layers. 

For  Light  Emitting  PS  there  has  beoi  a  severe  problem  with  instabili^  and  degradation  in  the 
light  emissirm.  It  was  found  that  laser  induced  oxygen  absorption  is  the  major  cause  for  the  light 
emission  degradation  [3233].  A  sharp  reduction  in  PL  is  also  observed  for  annealing  at 
tenqieratures  >300°C,  diis  coincides  widi  desorption  of  hydrogen  from  die  SiH2  surface  species 
[34-37]. 

S<»ne  PL  experiments  are  at  present  not  understood  in  terms  of  the  quantum  confinenwnt  model. 
One  of  them  is  the  dqiendence  of  the  peak  PL  energy  at  300  K  on  excitation  energy  as  depicted  in 
Fig.7  as  observed  by  Fuchs  et  al.  [38].  They  observed,  however,  the  same  functi(»ial  dependence 
for  siloxene.  In  another  PL  experiment  a  redshift  in  the  PL  peak  energy  was  observed  versus 
annealing  tenqierature  [19].  This  redshift  has  similarities  with  the  optical  band-giq>  dependence  on 
heating  teoqierature  as  observed  for  a-Si:H  [39]. 


Wavelength  (nm) 


ng.7.  Normalized  luminescence  spectra  to  porous  silicoa  at  300  K  showing  die  dqiendence  of  the 

luminescence  peidt  positian  on  die  excitadoo  wavelength, 


4.2  Raman  scattering 

Raman  scattering  is  a  non-destructive  tool  that  is  useful  in  the  characterisation  of  semiconductors. 
Among  other  things  it  has  been  used  to  determine  grain  sizes  in  micro-crystalline  materials.  The 
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first-order  Raman  peak  in  c-Si  is  shifted  by  5203  cm'M  it  is  symmetric  and  has  a  width  of  3  cm*‘ 
(FWHM).  As  die  grain  size  in  micro-cxystalline  silicon  decreases  below  200  A,  die  Raman  shift 
decreases,  the  width  increases,  and  die  peak  becomes  increasingly  asymmetric,  with  an  extended 
tail  at  low  fireqoencies.  The  Raman  qwctrum  of  amccphous  silicon  peaks  near  480  cm'>  and  is 
usually  weak  in  intensity  and  very  broad.  Macro-Raman  studies  on  PS  found  shifts  in  the  range 
508.0  -  510.1  cm-i  [40].  The  parametm  of  diese  spectra  lie  between  those  of  micro-crystalline 
siliom  and  amoii^ous  silicon,  and  can  be  accounted  for  in  a  dieory  by  Canqibell  and  Fauchet 
[41]  if  we  assume  that  PS  consists  of  qriiere-like  micro-crystalline  material.  Micro-Raman 
spectroscopy  ideodfied  also  amorphous  silicon  in  PS  regions  emitting  visible  PL  [42]. 
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4.3  Other  techniques 

Microscopic  studies  using  high-resoludon  transmission  electron  microscopy  (TEM)  reveal  that 
parous  silicon  consists  of  silicon  aystallites.  The  crystallites  are  approximately  33  nm  in  size  and 
are  randomly  distributed  throughout  the  PS  region  [43].  There  iqipears  to  be  no  evidence  for 
needle-like  or  column-like  structures.  On  the  contrary  Gonchond  et  al.  [44]  identified  in  high 
resolution  scanning  electron  microscopic  (HRSEM)  images  pore  structures  in  the  3  to  10  nm 
range,  they  ascribed  the  absence  of  individual  pores  in  TEM  images  to  the  overhqiping  random 
morphology. 

Fourier  transform  infra-red  spectroscopic  studies  have  ^own  that  predominant  silicon 
monohydride  (SiH)  termination  results  in  weak  PL.  In  contrast,  it  has  been  observed  that  the 
^rpearance  of  silicon  dihydride  (SiH2)  coincides  with  an  increase  in  the  PL  intensity  [35]. 
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ELECTROLUMINESCENCE 


Althougli  optical  stimulation  of  porous  silicon  is  valuable  for  studies  of  material  prcqietties,  the 
ability  to  produce  luminescence  electrically  is  a  necessity  for  practical  device  qjplications.  The 
first  electro-himinescence  (EL)  reports  were  published  in  July  1991  by  Halimaoui  et  al.  [45]. 
They  observed  an  unstable  electro-luminescence  during  anodic  oxidation  in  an  electrolyte 
(aqueous  solution  of  1%  HQ  or  KNO3).  red-orange  light  emission  is  visible  ovct  tire  entire 
surface  of  the  wafer  even  at  day  lig^t.  The  EL  stops  when  a  continuous  oxide  layer  is  formed  at 
the  PS  crystalline  silictm  interface. 

Solid  state  electro-luminescent  devices  were  also  fabricated  [46-49].  They  were  made  by 
depositing  an  electricaUy  conducting,  tran^arent  layer  on  top  of  the  porous  silicon.  The  Munich 
group  [46]  used  a  tiiin  gold  layer  of  12  nm.  This  is  thin  enough  to  permit  light  to  pass 
(transmission  above  80%).  On  the  back  sute  of  the  wafer  another  contact  layer  of  3(X)  nm  gold 
was  used.  If  a  cunent  over  S  mA  at  200  V  is  passed  through  tiie  film  light  emission  is  observed 
for  dc  curroits  of  both  polarities  and  ac  currents.  This  is  an  unexpected  result  and  has  to  be 
explained  in  tiie  future.  Light  emission  is  only  observed  for  n-type  silicon.  No  degradation  was 
observed  after  45  minutes  of  operation. 

Namavar  and  co-workers  [47]  made  use  of  indium  tin  oxide  (n-type  semiconductor,  ITO)  as 
transparent  conductor.  In  order  to  nuke  a  light-emitting  diode  (LED)  structure  p-type  silicon  was 
used  as  basis  nuterial  for  PS  fabticatitm.  Light  emission  enunating  from  the  top  surface  was  only 
observed  under  forward  bias  conditions  and  lasted  at  least  5  hours  after  which  the  experiment  was 
stO{^>ed.  Its  q;)eratioa  is  better  understood  than  the  previous  described  device.  A  forward  bias 
iqq>lied  to  the  base  silicon  allows  holes  to  enter  the  porous  silicon  region.  Electrons  can  then  be 
injected  into  tiie  from  tiie  n-type  ITO  lityer  and  electro-himinescence  results  from 
recombinatioo  between  tiie  injected  elections  and  the  majority-carrier  holes  within  the  silicon 
nanostructure.  In  general  the  q-tun  efiBciency  of  the  devices  is  low  (typically  1(H%). 
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6  EXPERIMENTAL 


6.1  Anodic  oxidation 

Bodi  n-  and  p-type  silicon  wafers  with  low  d(q>ant  concentratuMos  were  used  for  PS  fitbrication. 
The  back-side  of  the  silicon  wafer  was  covered  widi  300  run  Al,  deposited  by  e-beam 
evqxnation,  and  served  as  electrical  contact  Anodic  oxidation  was  performed  in  edtanoic  HF 
(49%),  HF:C2^0H  s  1;1  at  current  densities  in  die  range  SO  -  200  mA/cm^.  The  edumol  was 
added  as  wetting  agent  reducing  inhomogeneous  etching  caused  by  sticking  of  hydrogen  bubbles 
to  the  silicon  surface.  One  electrode  was  attached  to  the  ti^  and  back-side  of  the  wafer.  A  Pt  wire 
served  as  counter  electrode.  Beewax  was  used  to  protect  the  aluminium  contact  film  on  the  silicon 
against  HF  when  submersed  in  the  electrolyte.  The  silicon  samples  were  illuminated  with  a 
halogm  lamp  during  etching  in  case  n-^pe  silicon  substrate's  were  used  (see  sectitMi  2).  The  PL 
prqMTties  of  thus  produced  PS  could  be  checked  widi  a  hand-held  mercury  lamp  as  excitation 
source.  All  sanq>les  emitted  red-orange  light.  The  wafers  appeared  black  at  day  light  illumination 
when  low  anodisation  cunent  dmsities  were  used.  The  colour  changed  to  brownish,  yellowish  at 
increased  current  densities.  Sandies  did  not  receive  any  additional  etching  in  HF-based  solutions. 

6.2  PL-spectrmneter 

To  check  the  PL  characteristics  a  PL  spectrcnneter  was  assembled.  We  used  a  HeCd  excitation 
source  (442.0  nm,  14  mW).  The  laser  beam  width  was  enlarged  with  cylindrical  lens  systems 
resulting  in  power  densities  on  the  PS  san^le  adjustable  between  10  to  SO  mW/cm^.  The  PL  from 
d>e  PS  sanqile  was  focussed  on  a  2mm  entrance  slit  of  a  double  prism  monochromator.  The  light 
was  detected  using  state  of  die  art  lock-in  techniques  using  a  silicon  photodiode.  Optimum  S/N 
ratios  were  obtained  for  low  modulatitHi  frequencies  of  a  few  Hertz.  Two  filters  were  placed  in 
the  light  padi  from  laser  to  monochromator.  A  laser  interfermce  filter  (Centre:  441  nm, 
bandw^di  8  nm)  was  placed  just  in  firtnt  of  die  laser  and  was  crucial  in  eliminating  punqi  laser 
li^t  to  enter  the  {riiotodiode.  A  colour  filter  was  placed  ri^t  after  die  saoqile  and  was  blocking 
scattered  laser  light 

6.3  ITO  sputtering 

Indium  tin  oxide  (TTO)  layers  were  deposited  by  sputtering.  We  used  a  commercial  toibo- 
molecular  punqied  RF  sputtering  syston  of  Alcatel.  It  allowed  RF-diode  or  RF-magnetrai 
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Sputtering  frnn  4  inch  targets.  A  metallic  indium-tin  target  (In:Sn  s  9:  i,  by  mass)  was  reactively 
ottered  with  high  purity  oxygen  (99.995%).  Typical  sputtering  parameters  are  :  RF-power  600 
W,  sputtergas  pressure  2.10’^  mbar,  base  pressure  3.10''^  mbar,  substrate  target  distance  SO  mm. 
The  sample  was  mounted  on  a  copper  plate  wdiich  could  be  heated  iq)  to  4S0<’C. 
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RESULTS  AND  DISCUSSION 


A  arjnning  electron  iiiictosc(q>ic  image  of  a  porous  silicon  surface  produced  from  n-type  silicon 
is  ducted  in  Fig.8.  The  pme  structure  is  clearly  demonstrated.  The  luminescence  qiectrum  of 
such  a  saiiq>le  as  recorded  with  our  spectrometer  is  shown  in  Fig.9.  It  resembles  the  PL  spectra 
published  in  literature. 


Fig.8 


SEM  microgiaphs  of  n-type  porous  siliccn  layer,  lop  view  (InR)  and  side  view  (right) 
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Wavelength(nm) 

Rg.9  l^kal  room  temperature  photohuninescence  spectnim  of  n-type  porous  sUicon. 

All  recorded  PL  qwctra  had  peak  intensities  in  die  range  670  -  740  nm.  Anodisation  current 
density  and  time  hardly  affected  die  peak  posidon.  When  the  PS  samples  were  excited  with  light 
intensities  in  die  range  10  -  SO  mW/cm^  under  atmo^heric  conditions  a  luminescence 
degradation  was  observed.  The  degradation  being  more  severe  for  higher  light  intensities  (see 
Fig.  10). 
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Illumination  Time  (min) 

Fig.lO  Photo  luminesceiKX  degradation  as  function  of  illumination  time.  Light  intensities:  closed 

circles  20  mW/cm^,  open  circles  50  mW/cm^. 

Xu  et  al.  [SO]  noted  that  degradaticHi  only  occurred  in  oxygen  rich  environments.  Since  PL 
degradation  only  occurred  fm  a  sanqtle  simultaneously  exposed  to  oxygen  and  irradiation  they 
concluded  that  it  was  caused  by  a  photo-chemical  reaction,  probably  an  oxidation  reaction. 
Several  questions  remained  howevor:  (1)  Why  would  SiO,  formation  on  the  silicon  surface 
quench  the  PL  intensity,  it  is  known  e.g.  that  anodic  oxidation  does  not  destroy  PL  properties;  (2) 
Why  is  illuminaticm  necessary,  while  it  is  well  known  that  oxide  formation  occurs  quite  readily  in 
the  dark.  We  observed  that  partial  recovery  of  the  PL  room-temperature  ann^flling  is  possible 
after  degradation  at  low  light  intensities,  which  raises  yet  another  question. 

The  electronic  bands  of  semiconductors  shift  iq)on  pressure.  It  changes  not  only  the  bandgap 
energy  but  also  the  relative  position  of  the  bands,  and  its  curvature  (effective  masses).  This 
property  is  nowadays  heavily  used  in  laserdiode  fabrication.  Bandgiq)  tuning  allows  a  broader 
range  in  laser  wavelength,  lower  internal  losses,  lower  direshold  current  density,  etc.  Chan  et  al. 
[SI]  removed  a  thin  semiconductor  film  and  re-attached  it  to  a  nrm-planar  host  substrate,  which 


X 


TNO  report 


Page 

24 


contains  raised  ribs.  Consequently  there  is  a  spatial  modulation  in  the  strain  near  the  ribs,  and  this, 
in  turn  modulates  the  bandgiq)  through  the  defonnation  potential.  In  die  grafted  film  a 
GaAs/AlGaAs  quantum  well  is  used  to  probe  ue  bandgap.  Near  the  rib  a  red  shift  of  62  meV  in 
the  quantum  well  photo-luminescence  is  observed  and  attributed  to  the  strain-induced  change  in 
bandgap. 

To  shed  some  light  i^n  the  PL  origin  in  PS  a  strain-induced  shift  could  bring  inqmrtant 
information  since  the  strain  dependence  of  die  electron  bands  in  mono-crystalline  silicon  is  well 
documented.  In  our  experiment  we  applied  an  iiniaxial  pressure  to  the  porous  silicon  by  bending 
the  silicon  substrate.  The  wafer  was  clamped  on  one  side,  while  a  screw  was  pressing  on  the 
(^iposite  side  at  the  back-side  of  the  wafer.  Several  PL  spectra  were  recorded  for  increased 
bending  of  the  wafer.  Until  the  breaking  point  no  detectable  change  in  the  PL  peak  position  was 
observed.  One  can  conclude  diat  either  the  PL  of  PS  does  not  originate  from  confined  carriers,  or 
that  the  PS  is  not  sufficiendy  stressed  in  the  present  experiment.  One  could  easily  imagine  that  the 
porous  structure  created  by  the  anodic  etching  easily  adjust  to  lateral  stresses  by  reducing  the 
empty  space  between  the  silicon  columns.  In  a  second  attempt  we  made  use  of  surface  acoustic 
waves  (SAW)  which  enabled  us  to  induce  transversal  stresses  in  the  PS.  For  this  purpose  a  silicon 
wafer  was  sputtered  with  poly-crystalline  ZnO,  a  highly  piezo-electric  material  ideally  suited  for 
generation  of  SAW.  The  centre  of  the  wafer  was  not  covered  with  ZnO,  it  was  left  open  for  PS 
fabrication.  On  top  of  the  ZnO  300  run  aluminium  was  deposited  using  e-beam  evaporation.  Via 
lithographic  techniques  and  wet  etching  two  transducers  were  formed  in  the  aluminium,  one  on 
each  side  of  the  intended  PS  region.  One  served  as  transmitter,  one  as  receiver.  After  PS 
fabrication  the  SAW  device  was  tested.  From  the  absence  of  any  signal  on  the  receiver  we 
concluded  that  the  SAW  could  not  penetrate  through  the  PS  region  and  were  strongly  damped.  No 
attenqit  was  therefore  made  to  observe  the  influence  of  a  SAW  on  the  PL  spectrum  of  PS.  In  a 
future  eiqieriment  one  could  try  to  stress  die  PS  transversal  by  applying  pressure  through  a  quartz 
rod,  which  allows  excitation  light  to  enter  and  PL  light  to  leave  the  stresses  PS  region. 

In  the  mean  time  a  piqier  was  published  by  Zhoe  et  al.  [52]  who  measured  PL  of  PS  under 
hydrostatic  pressure  up  to  37  kbar  using  a  diamond  anvil  ceU.  It  is  well  known  diat  bulk 
crystalline  silicon  has  a  pressure  coefficient  of  about  -1.4  meV^bar  for  the  indirect  gap  at  1.1  eV 
[S3]  and  5.2  meV/kbar  for  the  direct  gap  at  3.4  eV  [54]  whereas  amorphous  hydrogenated  silicon 
(a-Si:H)  has  a  pressure  coefiBcient  of  about  -2  meV/kbar  [55].  The  pressure  coefficioits  for 
siloxene  are  thusfar  unknown.  Zhoe  et  al.  observed  in  their  expoiments  a  large  blue  shift  of  die 
PL.  The  blue  shift  depended  cm  sample  pr^wration,  and  is  in  die  wrong  direction  to  be  consistent 
with  PL  from  either  a-Si:H  or  the  indirect  bandgap  of  bulk  c-Si.  In  contrast  to  these  reports  Sood 
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et  al.  [56]  observe  giant  red  shifts  in  similar  experin^ts.  The  red  shift  is  much  bigger  than 
expected  fm  a-Si:H  or  bulk  c-Si. 

The  measurements  thus  far  are  not  conclusive.  There  is  the  need  for  more  thorough  experiments. 
Also  the  pressure  coefficients  of  siloxene  have  to  be  measured.  Sanq>le  preparation  and  san^le 
hist(»y  might  play  an  important  role  in  these  experiments. 

Electro-luminescence  (EL)  is  most  readily  observed  using  anodic  oxidation  techniques  as  first 
described  by  Halimaoui  [45].  We  immersed  a  PS  sample  just  produced  in  a  1%  HCl  solution. 
When  a  current  was  passed  through  the  wafer  visible  light  emission  from  the  surface  was 
observed.  If  the  anodisation  current  was  switched  off,  the  light  ceased.  The  light  also  extinguished 
after  some  anodisation  time,  coinciding  with  a  rise  in  anodisation  potential  at  constant  current 
conditions.  Due  to  a  single  point  contact  no  homogenous  oxidation  and  electro-luminescence  was 
observed. 

In  order  to  produce  stable  electro-luminescence  a  heterostructure  was  made  of  p-Si  and  n-type 
indium  tin  oxide  (TTO).  The  FTO  contact  layer  should  be  optimized  for  transparency  and 
conductivity.  At  first  glass  plates  were  sputtered  (RF-diode)  with  ITO  layers  using  the  sputtering 
equipment  described  in  section  6.3.  Substrate  temperatures  varied  from  room  temperature  to 
400°C  (lOO^C  intervals).  All  films  had  equal  transparency  tq>  to  80%  @  632.8  nm,  except  for  a 
sample  sputtered  at  room  temperature  which  was  not  transparent  at  all.  Electrical  conductivity 
increased  for  higbor  substrate  tenq>eratures.  Since  it  is  known  that  PS  is  destroyed  for  aimealing 
temperatures  above  3(X3PC  we  sputtered  ITO  on  some  PS  san:q)les  at  100  and  200°C.  After  the 
sputter  deposition  PL  was  no  longer  visible.  Various  e;q>eriments  pointed  out  that  die 
combination  of  oxygen  ambient  and  heating  up  to  100  -  200°C  did  not  degrade  the  PL.  The  PL 
degradation  is  caused  by  the  RF-diode  sputtoing  process.  It  is  known  that  the  growing  film  in 
RF-diode  sputtering  processes  is  bombarded  by  high-energetic  particles  [57].  This  bombardment 
can  be  reduced  considerably  using  the  magnetron  fluttering  technique.  Preliminary  experiments 
showed  that  PL  remained  after  magnetron  dqiosition  of  TFO  on  of  PS.  Unfortunately  the 
conducting  properties  of  thus  sputtered  ITO  layers  was  extremely  low.  A  working  LED  structure 
was  therefore  not  obtained  in  the  current  project.  Optimization  of  ITO  deposition  could  not  be 
accoixqilished  fiilly,  but  is  essential  for  production  of  a  heterostructure  LED  device. 
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8  CX)NCLUSIONS 

The  fabrication  of  light  emitting  porous  silicon  is  successfully  demonstrated  in  the  present 
research  project.  The  production  of  homogeneous  PS  surfaces,  however,  requires  an  alternative 
anodisation  set-up  than  the  one  enqtloyed  in  the  current  project.  The  PL  spectrum  of  PS  layers 
was  measured  with  a  room  terxqrerature  PL-spectrometer  using  a  HeCd  laser  as  excitation  source. 
Electro-luminescence  could  only  tetrqxaarily  be  observed  during  anodic  oxidation.  LED  diode 
structures  using  p-type  silicon  and  indium  tin  oxide  could  not  be  demonstrated  due  to  insufficient 
optimization  of  ITO  layers. 

No  decisive  experimental  evidence  is  available  at  {rosent  or  could  be  gathered  from  our  limited 
stress  experiments  which  identify  the  origin  of  the  PL  of  porous  silicon.  The  micro-second  decay 
time  of  the  PS  luminescence  rules  out  its  application  in  fast  switching  laser  ^plication 
(telecommunications,  optical  computing),  unless  external  modulators  are  used.  This  micro-second 
decay  is  much  larger  than  the  nanosecond  decay  of  the  usual  direct  bandgap  semiconductors  like 
GaAs,  however  it  compares  favourably  with  the  decay  of  nitrogen  doped  GaP  materials  which  are 
the  materials  of  choice  for  visible  light-emitting  diodes  in  todays  market.  Combined  with  the 
mature  silicon  integrated  circuit  technology  the  PS  material  has  the  potential  to  compete  in  todays 
visible  LED  market.  Two  serious  and  inqrortant  problems  have  to  be  solved  in  advance  however. 
(1)  The  efficiency  of  electro-luminescence  devices  should  be  increased  by  a  few  orders  of 
magnitude  using  practical  carrier  injection  apjn’oaches.  (2)  The  porous  silicon  degradation  should 
be  under  control.  The  problem  here  is  probably  surface  effects.  The  internal  surface  area  of 
microporous  silicon  is  of  the  order  of  600  rc^lcxB?.  There  is  a  saying  in  the  sUicon  community  that 
the  bulk  of  the  silicon  crystal  was  created  by  God,  while  the  surface  was  made  by  the  devil.  It  is 
obvious  with  whom  one  is  dealing  in  the  case  of  porous  silicon.  Because  of  the  anticipated 
problems  we  do  not  foresee  an  immediate  introduction  of  porous  silicon  based  devices. 

Porous  silicon  will  attract  a  lot  of  scientifrc  attention  in  the  immediate  future  due  to  the  extreme 
inqrortance  of  visible  light  onission  in  silicon  for  the  semiconductor  industry.  Because  of  its 
potential  implications  for  our  integrated  optical  devices  (lOD)  group  a  close  watch  on  the  future 
international  research  effort  is  crucial. 
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